MAPK2 is required for the differentiation into procyclic forms 7 ; TbECK1 modulates cell growth in procyclic forms 8 ; TbMAPK5 controls virulence and differentiation of bloodstream forms 9 ; TbMAPK4 confers resistance to temperature stress in procyclic forms 10 , TbERK8 is required for cell growth in bloodstream forms 11 and MAPKLK1 is required for proliferation in procyclic forms 12 . From the five MKK proteins of T.
brucei, MKK1 and MKK5 have been previously studied. The knockout of these genes in bloodstream forms did not cause changes in cell growth in standard culture conditions; however, defects in proliferation were observed upon exposure to temperature stress 13 . Interestingly, in the same work, western blot analysis suggested that MKK5 expression is higher in the procyclic than in the bloodstream forms of T. brucei 13 , which may indicate that the role of this protein is developmental stage-specific. To date, the function of MKK5 in procyclic forms of T. brucei has not yet been addressed. The combination of quantitative proteomics and phosphoproteomics with perturbation of kinases and phosphatases is a powerful approach to discover the pathways and substrates regulated by these proteins at a systems level 12, [14] [15] [16] . Here, we combined a loss of function approach with SILACbased proteomics and phosphoproteomics to uncover the role of MKK5 in procyclic forms of T. brucei. Our results revealed that the silencing of MKK5 induces significant changes in the proliferation, in the total levels and phosphorylation of translation, fatty acid biosynthesis and energy metabolism-related proteins, thus indicating that this kinase is involved in the maintenance of homeostasis in procyclic forms of T. brucei.
Materials and Methods

MKK5 RNAi plasmid design, cloning and transfection
The DNA sequence of MKK5 (gene ID Tb927. 10 .5270 or Tb10.70.1800, Uniprot ID Q38B76) of T. brucei brucei TREU 927 was retrieved from GeneDB database. The selection of a specific target region for RNAi and the design of primers were performed using the web tool RNAit from TrypanoFAN using the default settings 17 .
The resulting primers, MKK5 forward 5'-AAGTTCACAGGTCAAACCCG-3' and MKK5 reverse 5'-GTTCAGCAACAAGACCA-3', were used to amplify by PCR the RNAi target region from the genomic DNA of T. brucei Lister 427. The PCR reaction was performed using 1 U of Taq DNA polymerase high fidelity (Invitrogen), Platinum Taq buffer, 2 mM MgSO 4 , 0.4 mM of each primer, 10 mM dNTPs and 100 ng of genomic DNA as template. The PCR was performed using one cycle of 94 °C during 2 minutes, followed by 30 cycles of 94 °C during 30 seconds, 55 °C for 30 seconds and 68 °C for 1 minute; a final extension cycle of 68 °C during 5 minutes was employed. Prior to cloning, the PCR products were purified using the High pure PCR product purification kit (Roche) following the manufacturer's instructions and run in a 0.8% agarose gel for confirmation of the amplicon size. The PCR product was cloned in a modified version of the p2T7-177 plasmid 18 , which contained the LacZ gene instead GFP. The LacZ cassete of the modified p2T7-177 plasmid was flanked by two XcmI restriction sites, providing 'T' overhangs after digestion with XcmI, which are then cohesive with the 'A' extremities of the PCR products, thus allowing to use the TA cloning strategy. Moreover, the LacZ gene allows screening the positive colonies by color. For digestion, 2 µg of the plasmid, 10 U of XcmI (New England Biolabs), and NEB2 buffer were used, the reaction was incubated at 37 °C for 2h, followed by heat inactivation at 65 °C for 20 minutes. The digestion of the plasmid was confirmed using a 0.8% agarose gel and the corresponding band of the vector was excised and purified from the gel. The vector-insert ligation was performed using min at 4 °C and resuspended in 400 µl of the electroporation buffer in a 0.4 cm cuvette (BioRad). Then, 10 µg of linearized plasmid DNA was added to the cuvette and incubated on ice for 10 min. The cuvettes were subject to two pulses of electroporation (1.6 kV, 25 µF, and time constant of 0.8 s) in a Gene Pulse II Electroporation System (BioRad). The resulting transfected cells were cultured in the medium SDM-79 (LGC Biotecnologia) 20 , supplemented with 10% FBS (Gibco), 15 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 µg/ml of G418 (Sigma) and 50 µg/ml of hygromycin (Sigma) and incubated at 28 °C in 5% of CO 2 . The selection was performed using 2.5 µg/ml of phleomycin (Sigma).
The transcription of the double-stranded RNAi to silence MKK5 is under control of two T7 promoters; to trigger the RNAi mechanism 2 µg/ml of tetracycline (Sigma) were added in the first day, and 1 µg/ml was added daily in the course of the experiments.
RT-qPCR
To determine MKK5 silencing efficiency we used RT-qPCR. Procyclic forms of T.
brucei transfected with the MKK5 RNAi plasmid were treated (Tet+) or not (Tet-) with tetracycline for 3 and 4 days. The total RNA was isolated from 1 × 10 8 cells using
RNeasy Kit (Qiagen) according to manufacturer's instructions. The cDNA synthesis was performed using 1 µg of RNA and 1 µM oligo dT, incubated for 10 min at 70 °C.
Next, 2 µl of Improm-II buffer (Promega), 6 mM MgCl 2 , 10 mM dNTPs, 20 U RNaseOUT (Life Technologies) and 2 µl Improm-II Reverse Transcriptase (Promega) were mixed in a final volume of 20 µl and incubated for 2 h at 42 °C. The resulting product was purified using Microcon YM-30 (Millipore) and resuspended in water at a concentration of 2 ng/µl. The primers used to amplify MKK5 were designed using PrimerSelect in the DNAstar software and their efficiency was assessed using a standard curve. The primers anneal at the 3'-UTR of MKK5 transcript, Tm 60 °C. In each RT-qPCR reaction, 0.5 µM of the forward 5'-GGTGTAGAACGACATGTGTATTTATTTTAGGTG-3' and reverse 5'-GTCCTCTCACAGTCCTTGCCCG-3' primers was used, together with 10 ng of template and 10 µl of SYBR green (Life Technologies). For normalization, the expression levels of Actin, paraflagellar rod protein (PFR) and telomerase reverse transcriptase (TERT) were assessed 21 . The reactions were carried out in triplicates 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with appropriated non-targeting controls using the Applied Biosystems 7500 RealTime PCR System. The analysis was performed using the average of the normalized MKK5 mRNA levels for each housekeeping gene and the remaining levels of MKK5 in the Tet+ cells expressed as a percentage of the MKK5 levels found in the Tetcells.
Growth curves
To investigate the impact of MKK5 silencing in the cell growth of procyclic forms of T.
brucei we evaluated the growth rate of cells silenced or not for MKK5. For this, two distinct strategies were employed. In the first one, the cell density was assessed every day until cells reached the stationary growth phase using a Neubauer chamber. In the second strategy, cell density was measured every two days using a Z2 Coulter cell counter (Beckman Coulter), followed by a dilution of the original culture to 1 x 10 6 cells/ml. In the second set-up, the cell growth was assessed for 10 days and cells were kept in exponential growth phase.
MS sample preparation
To accurately quantify the global changes induced by MKK5 silencing in T. brucei we used a SILAC-based approach 12, [22] [23] [24] . The SDM-79 medium without lysine and arginine was prepared in house 20 . Procyclic forms of T. brucei transfect with the MKK5 RNAi plasmid were cultivated in SDM-79 SILAC medium supplemented with 10% 10 kDa dialysed FBS (Sigma), 15 µg/ml of G418 (Sigma) and 50 µg/ml of hygromycin (Sigma) either in the presence of 'unlabelled' lysine and arginine (Arg 0 and Lys 0 ) or in the presence of the 'labelled' counterparts (Arg 10 and Lys 4 ). In total,
18 mg/l of lysine and 53.75 mg/l of arginine were used. After incorporation of the labelled amino acids (4 days in culture in the SILAC medium), cells were treated with 2 µg/ml of tetracycline in the first day of RNAi induction and with 1 µg/ml of 21 In the following day, the tryptic peptides were acidified to pH 2.5 with TFA (Sigma).
For the analysis of the total proteome, 10 µg of the resulting peptides were desalted in C18 stage-tips 25, 26 . For the analysis of the phosphoproteome, TiO 2 -based phospho-enrichment was performed. The TiO 2 beads (GL Sciensces) were resuspended in TiO 2 buffer (30 mg/ml DHB, 80% ACN, 0.1% TFA) at a concentration of 500 µg/µl. The mixture was incubated for 10 min at 600 rpm. Subsequently, the beads were added to the peptides at a 5:1 ratio and incubated during 1h in rotor wheel at room temperature. Then, the mixture was spin at 3,000 rpm and the supernatant was collected and subjected to two additional rounds of incubation with TiO 2 beads. The phosphopeptides bound to the TiO 2 beads were resuspended in washing buffer I (30% ACN, 3% TFA), placed in a C8 stage-tip and spin at 2,600 rpm for 2 minutes. The wash with washing buffer I was repeated. Subsequently, three washes with washing buffer II (80% ACN, 0.3% TFA) were performed. Three sequential elution with 15% ammonium hydroxide in 40% ACN were performed. Samples were speed vacuum dried to eliminate the ACN and resuspended in buffer A (0.5% acetic acid). Then, phosphopeptides were purified in C18 stage-tips 25, 26 .
MS data acquisition
The peptides were loaded onto an EASY-nLC system (Thermo Fisher Scientific) coupled online to the mass spectrometer Q-Exactive HF (Thermo Fisher Scientific).
The (phosphoproteome fractions). MS data were acquired using the Xcalibur software (Thermo Fisher Scientific) and raw data was processed using the MaxQuant computational platform. MaxQuant software version 1.5.0.36 coupled to the Andromeda search engine 27, 28 were used to process the raw data with the following settings: Multiplicity 2 (labels 
MS data processing and analysis
Arg
Results
The silencing of MKK5 is detrimental to the proliferation of procyclic forms of
T. brucei
To investigate the role of MKK5 in procyclic forms of T. brucei we have used a stable inducible RNAi-based loss of function approach. For this, we selected a target region unique for MKK5 using the web tool RNAit 17 . This fragment was amplified by PCR and cloned into a modified version of the vector p2T7-177 18 . Procyclic forms of T.
brucei were transfected by electroporation with the MKK5 RNAi plasmid. After selection, the MKK5 silencing was induced via addition of tetracycline in the cultures and cells were used for functional experiments (Figure 1 A) .
To assess the silencing efficiency, we isolated the mRNA from cells treated or not with tetracycline for three and four days and the levels of remaining MKK5 transcripts were determined by RT-qPCR. At day three, the remaining levels of MKK5 were approximately half than those observed in control cells, whereas at day four, only 25% of MKK5 mRNA was still present in comparison to the control cells (Figure 1 B) .
Subsequently, to investigate the role of MKK5 in the proliferation of procyclic forms of T. brucei, we evaluated the growth rate of parasites silenced or not for MKK5
growing in SDM-79 supplemented with dialyzed serum using two different approaches. In the first one, we continuously measured the number of cells in a time 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 course until the parasites reached the stationary phase of growth. In the second setup, parasites were maintained in exponential phase of growth and the cell density was measured every second day from day 2 to day 10 post-induction, which allowed to assess the effects of MKK5 silencing for longer. In both experimental conditions the silencing of MKK5 significantly decreased the growth rate of procyclic T. brucei ( Figures 1C and 1D) . We next investigated the growth of procyclic cells in SDM-79 supplemented with regular FBS, and also in this condition we observed a significant decrease in the growth rate ( Figure 1E ). To shed light into the molecular alterations underpinning the defects in cell proliferation upon MKK5 silencing we employed an unbiased SILAC-based MS approach. This workflow allows an accurate quantification of the proteins and phosphorylation sites modulated upon MKK5 knockdown ( Figure 2 ).
SILAC medium
To replace the unlabeled lysine and arginine amino acids by the heavy isotopelabelled counterparts, we have prepared in house the SDM-79 medium without these amino acids. To determine whether the medium prepared in house was suitable for T. brucei culture, we compared the growth of T. brucei in our medium with the commercially available one from LGC. Our results show that the ability of T. brucei to grow in both commercial and in house prepared SDM-79 culture medium was indistinguishable (Supplementary figure 1A) . Subsequently, to decrease the costs related to the labelled amino acids, we conduct growth tests using 50%, 25%, 12.5% of the original concentration of lysine and arginine. We observed that when we used 50% or 25% of the original concentration of lysine or arginine present in the conventional SDM-79 medium there was no significant differences in the growth of the parasites. We only observed proliferation defects when the concentration was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 decreased to 12.5% or when lysine and arginine were completely removed (Supplementary figures 1B and 1C). Likewise, when using 25% of both lysine and arginine the proliferation of T. brucei was comparable to the counterpart cells growing in the medium containing the full amount of these amino acids (Supplementary figure 1D) . Additionally, we tested the incorporation rate of labelled amino acids using 100%, 50% and 25% or the original concentration of lysine and arginine and we observed that the rate of labelled amino acids incorporation was efficient in the three conditions: more than 98% of the peptides were labelled after 4 days growing in the SILAC medium.
Global proteomics and phosphoproteomics analysis of MKK5 knockdown cells reveals alterations in translation, fatty acid biosynthesis and energy metabolism-related proteins and phosphorylation sites
In the SILAC-based total proteome of T. brucei silenced for MKK5, we unambiguously identified 3,965 proteins and accurately quantified 3,024 proteins in at least 2 out of 3 biological replicates (Supplementary Table 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 To determine the reproducibly regulated proteins, we required that the regulation occurred in at least two out of the three biological replicates and that the standard deviation was lower than the averaged SILAC ratio. Using this cut-off we found 11 proteins significantly up-regulated and 27 proteins down-regulated ( Figure 4A and Table 1 ).
To determine the gene ontology (GO) categories and KEGG pathways overrepresented in the subset of regulated proteins, we conducted an enrichment analysis. Among the up-regulated proteins, the KEGG pathway TCA cycle was enriched ( Figure 4B ). In the subset of down-regulated proteins, GO categories and KEGG pathways related to fatty acid biosynthesis, endoplasmic reticulum (ER), carboxylic acid metabolic process and transferase activity were enriched, thus indicating these functions were reduced in procyclic cells silenced for MKK5 ( Figure   4C ). Supplementary table 2) . We normalized the levels of the phosphorylation sites to the total levels of the corresponding protein when it was quantified in the total proteome. For those sites where the total levels of the corresponding protein were not quantified we maintained the SILAC ratio value for the phosphorylation site. In total, 88.7% of the phosphorylation sites could be normalized and are indicated in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the Supplementary table 2 . Then, to determine the significantly and reproducibly regulated phosphorylation sites we used the same criteria previously described for the total proteome. This analysis resulted in 24 phosphorylation sites significantly upregulated and 8 significantly down-regulated ( Table 2 Finally, in order to integrate the proteomic and phosphoproteomic data and to gain insights regarding the functional relationship among the regulated proteins and phosphorylation sites we used STRING. In the network generated from this analysis, we can observe that several mitochondrial proteins involved in energy metabolism were linked. Additionally, components of the fatty acid biosynthesis pathway and cytoskeleton/cell motility-related proteins were connected ( Figure 5 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Discussion Here, we show for the first time the involvement of the protein MKK5 in cell growth, energy metabolism, translation and fatty acid biosynthesis in procyclic forms of T.
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brucei.
Using different conditions to assess T. brucei the cell growth we found that the silencing of MKK5 significantly decreased the proliferation of procyclic cells. The effects on cell growth observed in our study were more pronounced when the SDM-79 medium was supplemented with dialyzed FBS, with more than 30% decrease in cell number in comparison to 15% decrease in the presence of regular FBS. This finding may suggest that either low molecular weight soluble factors or free amino acids found in the regular FBS can function as upstream regulators of this pathway.
This observation is particularly relevant considering that procyclic T. brucei exist in the insect midgut, an environment deprived of glucose, where the energetic needs are met via amino acids catabolism. In the literature, the knockout of MKK5 in bloodstream forms did not alter the cell growth 13 , thus indicating that the requirement for this kinase is likely developmental stage-specific.
The global SILAC-based approach employed in our study provided valuable insights regarding the role of MKK5. First, using the 1D analysis, we observed a general decrease in proteins related to ribosome and translation. Interestingly, the most down-regulated phosphorylation site quantified in our study was on the delta subunit of the eukaryotic translation initiation factor 2B (eIF2Bδ), which is part of the regulatory subcomplex of the holoenzyme. eIF2B is a multi-subunit protein critical for the regulation of the initiation of protein synthesis and its activity is inhibited in response to different types of stress 32, 33 . The precise role of the phosphorylation site we found regulated on the activity of eIF2B complex is still unknown. One hypothesis is that the modulation of this site may regulate protein synthesis initiation and be linked to the general decrease in the abundance of proteins related to translation observed upon MKK5 silencing. As a future step to characterize this further, mutagenesis of this residue coupled to protein synthesis profiling strategies could be employed.
Another interesting finding of our study corresponds to the down-regulation of several components of the fatty acid biosynthesis pathway. T. brucei exploits the endoplasmic reticulum (ER)-based elongase (ELO) pathway for fatty acid biosynthesis 34 . In this pathway, the enzymes elongases (ELO1-3), which are integral membrane proteins residents in the ER, extend the fatty acid chains: ELO1 extends C4 to C10, ELO2 extends C10 to C14, and ELO3 extends C14 to C18 35 . Here, we found that the knockdown of MKK5 in T. brucei decreased the protein levels of the 2 elongases (Q57UP8, Q57UP6); 2 desaturases (Q587G0 and Q57YK1), and of the fatty acyl CoA synthetase 2 (Q38FB9). In addition, two other enzymes that provide acetyl-CoA for lipid biosynthesis were down-regulated upon MKK5 silencing:
carnitine O-acetyktransferase (Q386T6) and acetyl-coenzyme A synthetase (Q57XD7) 36 . Because MKK5 silencing alters the protein levels of different components of the fatty acid biosynthesis pathway, this kinase could ultimately impact key cellular functions, such as energy storage, composition and fluidity of the plasma membrane.
In addition, the silencing of MKK5 altered the total levels and phosphorylation of proteins involved in energy metabolism. While bloodstream forms of T. brucei produce ATP via glycolysis, the procyclic forms are more flexible; they are able to adapt to distinct carbon sources and to produce energy using both the glycolytic and 39 . In fact, it has been proposed that the acetyl-CoA produced in the mitochondria can be exchanged to the cytoplasm via citrate and then used for lipid synthesis 40 . Moreover, we observed an up-regulation of Succinyl-CoA:3-ketoacid-coenzyme A transferase (ASCT), which converts acetyl-CoA into acetate. In this pathway, the acetate production occurs in two steps: first, ASCT transfers the CoA of acetyl-CoA to succinate, generating acetate and succinyl-CoA, which is then converted into succinate by the enzyme succinyl-CoA synthetase 41 . Noteworthy, the ASCT pathway also produces ATP and together with the TCA cycle and the respiratory chain comprise the three mitochondrial pathways generating ATP in the insect-stage T. brucei 37, 38 . Intriguingly, the most up-regulated phosphorylation site detected in response to MKK5 silencing was on the alpha subunit of pyruvate dehydrogenase E1 (PDHE1α), which catalyzes a rate-limiting step in the conversion of pyruvate into acetyl-CoA. PDHE1α is part of the pyruvate dehydrogenase complex that links glycolysis to the TCA cycle. In procyclic cells, a decreased growth rate was observed in cells silenced for PDHE1α 37 . In humans, the enzymatic activity of the pyruvate dehydrogenase complex is inhibited via phosphorylation of any of the three sites of PDHE1α: serine 232, serine 293, and serine 300 42 . Using multiple sequence alignment, we found that the up-regulated phosphorylation site at serine 284 of T.
brucei PDHE1α aligns with the serine 293 of the human PDHE1α, and out of the three regulatory sites of the human enzyme, this is the only one conserved with the T. brucei protein. In fact, a previous report that compared the sequence of the human PDHE1α with representative species from other taxonomic groups, reported one phosphosite for T. brucei 43 . If this phosphorylation site has also an inhibitory function in the pyruvate dehydrogenase complex of T. brucei as it does in the human, we can anticipate a decreased production of acetyl-CoA from pyruvate, which in turn could impact both ATP production and lipid biosynthesis. Additionally, among the down-regulated proteins we found succinate dehydrogenase (Q38EW9), an enzyme of the Complex II of the respiratory chain; and, an electron transfer protein (Q57YX5). The down-regulation of components of the respiratory chain could indicate an overall decrease in the production of ATP using this route. Overall, our data suggests that MKK5 silencing affects the metabolic homeostasis of the insectstage T. brucei by regulating the total levels and phosphorylation of several metabolic enzymes. As a future step to unravel the consequences of MKK5 silencing in the overall energy production, metabolomics and tracing studies could prove informative.
The changes in phosphorylation measured in our study are likely an indirect effect of MKK5 knockdown, since we did not detect regulated phosphorylation sites within the activation loop of MAP kinases, which are the canonical targets of MKK proteins. We found the threonine and tyrosine residues located in the activation loop of one MAPK (Q381A7) phosphorylated in this study; however, these sites were not regulated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 upon MKK5 silencing. The fact we did not identify multiple MAPK phosphorylated may reflect the amount of starting material used in our study, which was 250 µg.
Previous phosphoproteomic studies performed in T. brucei that used from 2. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
Supplementary figure 1:
Comparison of the growth of procyclic T. bucei in the commercial SDM-79 from LGC with the SDM-79 produced in house and evaluation of cell growth using decreasing concentration of lysine (K) and arginine (R).
Supplementary figure 2:
Annotated spectra of the most regulated phosphorylation sites on eIF2B δ and PDHE1α.
Supplementary figure 3:
The phosphorylation site on serine 207 of T. brucei eIF2B δ (Q4FKA6) aligns with the serine 181 of human eIF2B δ (Q9UI10).
Supplementary figure 4:
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